Introduction
Temporal lobe epilepsy (TLE), the most common and severe form of epilepsy in adults, is often triggered by an initial insult, which results in altered expression of hundreds of + genes [1] [2] [3] . The factors orchestrating such transcriptional changes remain unknown. Their identification is important, because targeting them may ameliorate the epileptic disease process 4 .
Ion channels are a class of gene products that influence neuronal and network excitability. Channelopathies occur in pathological conditions, such as epilepsy 4 , leading to disrupted neuronal and network function 5 . We focused on the hyperpolarization-activated cyclic nucleotide gated (HCN) ion channels, because reduced expression of the major isoform, HCN1, has been reported to accompany, and perhaps contribute to, the epileptogenic process in several TLE models [6] [7] [8] [9] [10] . Thus, mice lacking HCN channels are vulnerable to seizures and epilepsy 11, 12 , and a mutation in HCN2 has been identified in individuals with epilepsy 13 . The current conducted by HCN channels, I h , plays a key role in the filtering properties of CA1 pyramidal cell dendrites 14 . The high density of I h in distal dendrites 15 efficiently attenuates the summation of excitatory inputs, 16 potentially dampening neuronal excitability 17 . Additionally, I h tunes the membrane to respond optimally to inputs in the theta frequency band 18, 19 , a brain rhythm central to numerous cognitive processes 20 . Therefore, we used the HCN channelopathy in TLE as a model system to study transcriptional regulatory mechanisms, and tested if these mechanisms were amenable to therapeutic intervention.
The transcriptional repressor NRSF (neuron-restrictive silencer factor REST) binds its cognate sequences (NRSEs) that are present on several hundred neuronal genes 21, 22 . NRSF recruits specific cofactors and histone deacetylases, leading to often enduring epigenetic alterations of chromatin structure and thus persistent repression of gene expression that may eventually be autonomous of the repressor's binding 22 . NRSF expression is low in naive adult hippocampus and increases after seizures that promote epilepsy 23, 24 . Additionally, the regulatory region of the hcn1 gene contains a highly conserved sequence (ttCAGCACCacGGAcAGcgcC) that can bind NRSF 21 . Therefore, we tested if NRSF regulates the expression and thus function of HCN1 channels after a proepileptogenic insult, if this resulted in chromatin changes, and if interfering with the ability of NRSF to regulate target genes affected the outcome of a proepileptogenic insult.
Material and Methods
A detailed description of the methods used can be found in the online supplementary materials.
Male Wistar-Han rats (n = 20) were implanted with cannulae and electrodes, and a second set of rats (n = 16) were implanted with cannulae. Experimental protocols conformed to NIH guidelines, and were approved by INSERM and by the IACUC of the University of California-Irvine. Continuous video/EEG monitoring was performed.
To induce status epilepticus (SE), kainic acid (KA) was given by intraperitoneal injection once per hour (5 mg/kg), and pilocarpine hydrochloride (310 mg / kg) was injected 30 minutes after a preliminary scopolamine injection (1mg/kg).
To assess molecular changes and in vitro physiology, rats were infused with ordered or scrambled oligonucleotides (ODNs) on days 1 (10 nmol), and 2 (5nmol) after the SE. Electrophysiological and biochemical studies were performed on the day following the 2 nd infusion. For long-term effects of the ODN in vivo, repeated infusions alternated full dose (10 nmol/hemisphere) and half dose the following post-SE days: day 1 (full dose), day 2 (half dose), day 3 (half dose), day 6 (full dose), day 8 (half dose), day 10 (full dose). Recordings were discontinued on day 13 post-SE.
Analysis of seizures, interictal activities and theta rhythm were performed as described previously 25 .
Organotypic hippocampal slice cultures were prepared as described before 26, 27 using P8 rats. Phosphorothioate oligodeoxynucleotides, were added in the culture medium (1 μM) 3 hours after treatment with kainic acid that provoked seizure-like events 28 . Cultures were assessed for HCN expression 2-days after KA, and for NRSF at 4h-7d.
Animals used for NRSF, HCN1, HCN2 and Kv4.2 measurements were decapitated and the hippocampi were rapidly dissected. Organotypic slice culture tissues were harvested directly from the membranes. All tissues were processed for Western Blot analyses as described in the supplementary methods.
Chromatin immunoprecipitation was performed, as described in the supplementary methods, to detect the physical binding of transcription factors and histones to DNA.
Hippocampal slices were prepared from the dorsal hippocampus and recordings performed as previously described 10 .
SPSS software was used for statistical analysis. We used non parametric Mann-Whitney test for samples lower than 6 in size, and t-test otherwise. Results are expressed as mean ± s.e.m, with p<0.05 considered significant.
Results

Attenuation of I h and resonance in CA1 pyramidal cell dendrites in KA-treated rats
We first characterized the downregulation of HCN1 on distal dendrites of dorsal CA1 pyramidal cells in KA-treated animals, an experimental model of TLE 29 . Distal dendrites (>280 μm from the soma, Supplementary Table 1 ) had large I h currents in control animals ( Fig 1A to B , Supplementary Table 1) 10 . Three days after KA, the amplitude of I h was reduced by 50% and the membrane potential for half-maximal activation (V 1/2 ) was more hyperpolarized, further limiting the availability of I h at physiological potentials ( Fig 1B, Supplementary Table 1 ). The current's kinetics were slowed by 30% ( Supplementary Table  1 ), consistent with a reduced contribution of the fast-kinetics HCN1 isoform to the total I h 30 . Reduced I h resulted in increased membrane resistance and a more hyperpolarized resting membrane potential (Supplementary Table 1 ). A key functional read-out of I h , theta resonance, was compromised in KA-SE rats ( Fig 1C, Supplementary Table 1 , Supplementary Figs 1-2): resonance frequency (Fres) was shifted toward lower values, and the amplification ratio (Q) was decreased by 20%. In addition to its function as a band-pass filter in the theta range in the dendrites 19 , I h introduces an apparent negative time delay to theta inputs 18 . This function was altered in KA-treated animals, as the apparent negative time delays were shifted toward lower frequencies ( Fig 1C, Supplementary Table 1 , Supplementary Figs 1-2 ). Theta resonance and temporal coding were abolished by the I h antagonist ZD7288 ( Supplementary Figs 1-2 ), suggesting that the loss of resonance after KA was due to decreased I h .
At the molecular level, there was a 75% decrease in HCN1 protein levels, with no significant change in HCN2 ( Fig 1D) . Thus, the 50% reduction of I h amplitude likely resulted from selective downregulation of the HCN1 channel isoform which contributes an estimated 66% of the current 30 , whereas the changes in I h kinetics are best explained by a larger contribution of HCN2 channels to the I h current or by augmented HCN1/HCN2 heteromerization 31 .
NRSF-dependent downregulation of HCN1 in vitro
The regulatory region of the hcn1 gene contains several NRSF-binding sequences 21 , including a highly conserved sequence residing in the first hcn1 intron (Fig 2A) 21 . Since NRSF expression is enhanced by seizures 23, 24 , NRSF could be responsible for HCN1 downregulation. To test this hypothesis, we first used hippocampal organotypic slice cultures. Application of KA generated seizure-like events 28 that resulted in reduced HCN1 protein levels ( Fig 2B) , whilst HCN2 remained unchanged ( Fig 2B) consistent with previous results ( 6, 31 and Fig 1D) . Concurrent with repression of HCN1 expression, NRSF expression was strongly increased ( Fig 2C) . If NRSF binds to hcn1 to repress its transcription, then using an excess amount of a decoy NRSF-binding oligodeoxynucloetide (ODN) should prevent NRSF from binding the NRSE sequence on the hcn1 gene and prevent the transcriptional repression of HCN1 ( Fig 2D) . Application of NRSE-ODNs following 3 hours of KA-induced seizure-like activity abrogated the reduction of HCN1 mRNA ( Fig 2E) and protein ( Fig 2F) . Because basal levels of NRSF in naive hippocampus were low, there was little effect of the NRSE-ODN on HCN1 expression in the controls. Control ODNs with a random nucleotide sequence ('scrambled'-SCRLD, Fig 2D) had little effect on seizureinduced HCN1 mRNA and protein downregulation (Fig 2E to F) . Neither NRSE-nor SCRLD-ODNs changed HCN2 mRNA levels ( Supplementary Fig 3) . Together, these results suggest that the seizure-like activity-dependent upregulation of NRSF represses HCN1 mRNA and protein expression in vitro, likely via binding of the repressor to its cognate NRSE silencer element on the hcn1 gene.
Blocking the ability of NRSF to bind the hcn1 gene abrogates HCN1 repression and restores its function in rats exposed to an epileptogenic insult
To test if the mechanisms identified in vitro were operational in vivo during epileptogenesis, we first measured NRSF expression and binding to the hcn1 gene. Two days following KA treatment in vivo, NRSF expression was increased over threefold in hippocampal CA1 compared to sham controls ( Fig 3A) . Similar changes were found in the pilocarpine model of TLE ( Fig 3B) , which also results in HCN1 downregulation 10 . Using chromatin immunoprecipitation (ChIP) followed by quantitative PCR (Fig 3C-F) to examine if the physical binding of NRSF to the regulatory region of the hcn1 gene was augmented in hippocampi from KA rats, and if this augmented binding was selective, we detected NRSF binding at the NRSE site of the hcn1 gene ( Fig 3C to D) , but not at a downstream region lacking an NRSE sequence ( Fig 3C to E) . In KA-treated rats, NRSF binding to the hcn1 gene (but not the hcn2 gene 21 ; Sham vs. KA p>0.05, not shown) was significantly augmented ( Fig 3F) . We then asked if blocking NRSF-NRSE binding in vivo would prevent the repression of the hcn1 gene. Scrambled or ordered NRSE-ODNs were infused into the cerebral ventricles between days 1 and 10 post KA. In sham rats treated with scrambled or NRSE-ordered ODN, NRSF binding to the hcn1-NRSE was modest ( Fig 4A) . A striking increase of NRSF-NRSE binding was found in the KA group treated with scrambled ODN. This increase was largely abrogated by NRSE-ODN treatment (Fig 4A and Supplementary  Fig 4) . As a result, HCN1 levels were reduced in KA rats treated with scrambled ODNs, but were similar to sham in KA rats treated with NRSE-ODNs ( Fig 4B and Supplementary Fig  4) . In contrast to HCN1, HCN2 levels were not significantly different in any experimental group ( Supplementary Fig 5) . The 'rescue' of HCN1 protein was functionally significant, because it was accompanied by the full restoration of I h current amplitude and kinetics. The known functions of I h on theta resonance and temporal coding were also normalized ( Fig  5A, 5B , Supplementary Table 1 ).
NRSF augmentation results in selective epigenetic modification of the chromatin
HCN1 channelopathy is characterized by protracted dysregulation of channel expression. The mechanisms for this enduring repression might involve persistent upregulation of NRSF and its binding to the hcn1 gene. Alternatively, augmented levels of NRSF might be relatively short-lasting, yet result in long-lasting changes of the chromatin structure that promote repression of HCN1 expression. Thus, NRSF together with co-repressors, has been shown to augment histone-3 dimethylation in local regions of target genes 32 , with consequent gene repression. Looking at the time-course of NRSF protein levels, we found that the repressor was still upregulated a week following KA-SE (Fig. 5C ). In addition, the binding of the NRSE-containing regulatory region of the HCN1 gene to dimethylated histone H3K9 was augmented 72 hours and one week after KA-SE compared with sham controls (Fig. 5D ). Dimethylation of Histone 3 at the K9 position is generally considered a marker of persistent repression that may be autonomous from the binding of repressors or co-factors. Thus, whereas elevation of NRSF levels, still present at a week after the KA-SE, may not persist, it suffices to set in motion an epigenetic process thatmodifies gene expression in an enduring manner.
Blocking the ability of NRSF to bind target genes does not influence an ion channel in which the gene lacks an NRSE sequence
In addition to HCN1, disturbances in several ion channels, termed acquired channelopathies, have been reported in experimental TLE 5 . In particular, decreased expression of Kv4.2 proteins results in reduced A type potassium current, leading to enhanced back-propagation of action potentials in CA1 pyramidal cell dendrites 25 . The Kv4.2 gene does not contain a functional NRSE within its regulatory region 21 . In accordance, we found that NRSEsequence ODNs did not influence the KA-provoked reduction of Kv4.2 protein levels in hippocampal CA1 ( Fig 5E) , and had no effect on the consequent augmentation of backpropagation ( Fig 5F) . These data suggest a different, NRSF-independent mechanism for the Kv4.2 channelopathy in epilepsy.
Prevention of NRSF interaction with target genes influences the initial pattern of spontaneous seizures after KA-SE
HCN1 is an important ion channel, and reduction of HCN1 expression and/or function has been implicated in experimental and human epilepsy [6] [7] [8] [9] [10] 12, 33 . In addition, hcn1 is one of several hundred neuronal genes that contain an NRSE sequence and might thus be targets for NRSF-mediated epigenetic modulation 21, 22 . Therefore, we examined whether the decoy ODN treatment, blocking the interaction of NRSF with hcn1 and other target genes, influenced the outcome of KA-SE. During continuous video-EEG recordings, spontaneous seizures ( Fig 6A) emerged concurrently in both KA-SE groups, and seizure duration and Racine scores did not distinguish the NRSE ODN-and scrambled ODN-treated rats (not shown). However, during the two continuous recording weeks, the average number of seizures in NRSE ODN-treated KA animals was 70% lower, associated with a two-fold seizure frequency reduction ( Fig 6C) . In addition, the trend to increased cumulative seizure number with time was attenuated in NRSE ODN-treated KA rats ( Fig 6D) . In experimental TLE, interictal-like activity typically precedes the first spontaneous seizure 1, 34, 35 , and the number, frequency and duration of interictal events and seizures provide measures of the natural history of the resulting epilepsy 36, 37 . In both sets of animals, interictal activity occurred mostly in bursts ( Fig 6B) . Treatment with NRSE-ODNs decreased the number of interictal bursts and the cumulative time spent in interictal activity by 90% ( Fig 6E) . Another hallmark of abnormal network electrophysiological activity is the degradation of theta oscillations 38 . Treatment with NRSE-ODNs abrogated the degradation of theta rhythm in KA rats ( Fig 6F) , an effect apparent already on post-seizure day 5 and persisting throughout the recording period.
Discussion
Taken together, the above data indicate that: (1) HCN1 channelopathy, found in models of epileptogenesis and in human epilepsy, is a direct consequence of NRSF-mediated repression of the hcn1 gene, (2) NRSF initiates selective alterations of chromatin structure that may enable protracted repression of target genes, and (3) the use of 'decoy' ODNs comprising the NRSE sequence leads to short-term modulation of the pattern of spontaneous seizures that follow kainic-acid induced status epilepticus.
Epileptogenesis is associated with altered expression of hundreds of genes. Discovering the key genes that contribute to the disease process, and identifying the common mechanisms that might coordinately regulate these genes, and that underlie the persistent changes in their expression, would provide therapeutic opportunities. We chose to initiate our studies looking at the hcn1 gene because dysfunction of I h , initially reported in an experimental model of febrile seizures 39 has now been strongly associated with the epileptogenic process in several models of TLE [7] [8] [9] [10] [40] [41] [42] , and altered expression of HCN1 has been found in hippocampi resected from patients with severe TLE 27 . Here, we obtained evidence that the HCN1 channelopathy is a direct consequence of NRSF upregulation following the initial KAinduced status epilepticus. We found that NRSF physically bound the NRSE site on the hcn1 gene, and that this binding was augmented after KA. In addition, the prevention of NRSF-NRSE binding by decoy NRSE-ODNs restored HCN1 mRNA and protein levels, as well as I h current properties and functions, to control levels. It is conceivable that NRSE-ODNs also influenced HCN1 expression indirectly. For example, our previous study in hippocampal slice cultures suggested that downregulation of the GluR2 AMPA receptor subunit, favoring the expression of Ca 2+ permeable AMPA receptors and the activation of CaMKII, resulted in HCN1 mRNA downregulation after in vitro seizures 28 . Interestingly, the GluR2 gene also possesses a functional NRSE sequence 43, 44 . However, although this mechanism might contribute to the initial repression of HCN1 expression during the first 24h following the KA-seizures, the transient reduction of GluR2, which dissipated by 72 hours (Richichi et al., Soc. Neurosci abstract 377. 16, 2005) prevents this GluR2-mediated mechanism from contributing significantly to the persistent repression of the hcn1 gene found in vivo in the current study.
NRSF has binding sites within the regulatory regions of around 300 hippocampallyexpressed genes 22 , including the delta GABA A-and GluR2 receptor subunits, which are downregulated in experimental TLE 45, 46 . The probability of enriched binding of NRSF to a given NRSE, a measure of the functionality of the binding site, varies widely among genes. The relative value of NRSF binding to the hcn1 gene NRSE was 86, whereas the corresponding value for the NRSE site on the hcn2 gene was much lower (31), suggesting a weaker, less functional regulation of HCN2 expression by NRSF 21 . Accordingly, HCN2 expression was not significantly altered in our experimental conditions (but see 8, 41 ), despite augmented levels of NRSF. These findings indicate that the presence of an NRSE site may be required but is not sufficient for functional regulation of the expression of a given gene by NRSF. NRSF can also bind to the brain-derived neurotrophic factor (BDNF), and increased expression of this factor has been linked to the progression of kindling 43 . Treatment with 2-deoxy-D-glucose reduced kindling progression by recruiting NRSF and preventing BDNF upregulation 43 .
The mechanisms of the upregulation of NRSF and the persistent repression of HCN1 expression during the epileptic state merit further investigation. Pathologically increased network activity manifest as interictal discharges and seizures 34, 35, 47 have been found to induce NRSF expression. Here, we found NRSF-mediated epigenetic changes of the chromatin, consisting of changes in methylation of histones that typically lead to enduring repression that might no longer require the presence of NRSF. Thus, NRSF levels might fluctuate after an epilepsy-provoking insult, and might be upregulated repeatedly by interictal activity or spontaneous seizures during the latent and active phases of epilepsy, but may not be required for persistent repression of target genes including HCN1. For this channelopathy and others, post-translational mechanisms have also been demonstrated. These include phosphorylation 48 or altered channel trafficking 9, 49 . They may also contribute to I h downregulation.
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Refer to Web version on PubMed Central for supplementary material. Loss of HCN1 protein in hippocampal CA1, and of I h current, resonance and temporal coding in CA1 pyramidal cell distal dendrites in KA-treated animals. I h current was decreased and the activation time constant was slower (A). The left panel shows typical examples of I h activation in distal dendrites. The membrane potential for half activation was shifted to hyperpolarized values in KA-treated animals (B). The displayed activation curves correspond to the dendrites recorded in A. (C) Left panel: The impedance magnitude profile as a function of input frequency shows the decrease in resonance in KA-treated animals. The same dendrites as in (A and B) were hyperpolarized to -70 mV by steady current injection. The vertical dotted lines indicate the resonance frequency (Fres) at which the impedance reaches a maximum. Q is the amplification ratio between the impedance at Fres and at 1 Hz. Q and Fres were decreased in KA-treated animals (right panels). The impedance at 1 Hz was larger in KA-treated than in sham because of the increase in input resistance due to loss of I h ( Supplementary Table 1 ). Middle panel: Impedance phase profiles. Each curve is characterized by two regions, one with a positive impedance phase (phase lead, shaded regions), followed by a negative impedance phase (phase lag) as the frequency increases. In the phase lead (lag) regions, the membrane response appears to precede (follow) the current inputs ( Supplementary Fig 1) . Vertical lines indicate the crossover frequency, F ϕ . The shaded regions represent the total inductive phase Ф L . F ϕ and Ф L were decreased in KAtreated animals (right panels). (D) Western blots from hippocampal CA1 homogenates collected 48 hours after seizure initiation from Sham and KA treated rats, demonstrate a reduction in HCN1 protein expression (Sham 8.75 ± 2.02 normalized OD, n=8; KA 2.23 ± 0.37 normalized OD, n=6; p=0.02; normalized with actin levels), but not HCN2 protein expression, in KA-treated animals (Sham 2.53 ± 0.59 normalized OD, n=4; KA 1.79 ± 0.43 normalized OD, n=3; p=0.34; normalized with actin levels). (single asterisk, P < 0.01; double asterisk, P < 0.05; triple asterisk, P < 0.0001). using an antiserum to NRSF (H290, Santa Cruz) compared to IgG for precipitating the DNA-protein complex. Tissue was obtained from rats two days after the KA treatment, and quantitative PCR of input and immunoprecipitated DNA was used to calculate the percent of input DNA recovered. (D) Augmented specific immunoprecipitation of DNA comprising the HCN1-NRSE region is apparent when the NRSF antiserum rather than IgG, is used: (IgG 0.207 ± 0.021 %, n=4; NRSF 0.342 ± 0.016 %, n=4). (E) This augmented binding of NRSF, detected via anti NRSF precipitation, was selective to DNA of NRSE-containing regions, and was not found for an NRSE-lacking region 1600bp downstream of the HCN1-NRSE (IgG 0.237 ± .039 %, n=7; NRSF 0.230 ± 0.059 %, n=7). (F) KA-induced seizures resulted in a large increase in NRSF binding to the HCN1-NRSE region when measured three days later (Sham 100 ± 16, n=4; KA 233 ± 18, n=4). (single asterisk, P < 0.05). Note the slow evolution in NRSE-ODN animals. (E) NRSE-ODN reduced the number of interictal bursts (NRSE, 1.8 ± 1.5; SCRLD, 22.7 ± 11.7) and the cumulative time spent in interictal activity (NRSE, 26 ± 24 min; SCRLD, 244 ± 92 min). (F) KA-induced seizures resulted in a progressive decline of theta rhythm power in the EEGs, as found in KA animals treated with scrambled ODN. This decline was prevented by NRSE-ODN treatment (there was no difference between the pre KA values and the post KA values). (single asterisk, P < 0.01; triple asterisks P < 0.05).
